Summary. The involvement of phosphofructokinase (PFK) in glycolytic control was investigated in the marine peanut worm Sipunculus nudus. Different glycolytic rates prevailed at rest and during functional and environmental anaerobiosis: in active animals glycogen depletion was enhanced by a factor of 120; during hypoxic exposure the glycolytic flux increased only slightly. Determination of the mass action ratio (MAR) revealed PFK as a non-equilibrium enzyme in all three physiological situations. During muscular activity the PFK reaction was shifted towards equilibrium; this might account for the observed increase in glycolytic rate under these conditions. PFK was purified from the body wall muscle of S. nudus. The enzyme was inhibited by physiological ATP concentrations and an acidic pH; adenosine monophosphate (AMP), inorganic phosphate (Pi), and fructose-2,6-bisphosphate (F 2,6-P2) served as activators. PFK activity, determined under simulated cellular conditions of rest and muscular work, agreed well with the glycolytic flux in the respective situations. However, under hypoxia PFK activity surpassed the glycolytic rate, indicating that PFK may not be rate-limiting under these conditions. The results suggest that glycolytic rate in S. nudus is mainly regulated by PFK during rest and activity. Under hypoxic conditions the regulatory function of PFK is less pronounced.
Introduction
Glycolysis is the phylogenetically oldest and most widely distributed metabolic pathway by which energy is obtained from organic substrates. The importance of glycolysis is based on the fact that it is not restricted to aerobic conditions, but can also proceed under anoxia. While complete oxidation of glucose in the presence of oxygen produces 36 mol ATP per tool glucose, anaerobic fermentation yields only 2-7 tool ATP per mol glucose, depending on the end-product formed. This deficit of energy yield during anaerobiosis can be met by an acceleration of the glycolytic rate. This phenomenon is called the "Pasteur effect" in honour of Louis Pasteur (1861) , who observed it for the first time in Saccharomyces cerevisiae (Warburg 1926) . Numerous studies on glycolytic control have led to the conclusion that PFK, which catalyzes the phosphorylation of fructose-6-phosphate (F-6-P) to fructose-l,6-bisphosphate (F-1,6-P2), is primarily responsible for the Pasteur effect [for review see Ramaiah (1974) ].
In recent years, an absence of the Pasteur effect has been shown for many facultative anaerobes (de Zwaan and Wijsmann 1976) . Storey (1985a) has suggested that a depression of glycolysis or "negative Pasteur effect" occurs during environmental anaerobiosis in some intertidal animals. In all these animals PFK shows identical kinetic properties, such as ATP inhibition and AMP activation, mechanisms which are held responsible for the induction of the Pasteur effect (Ebberink 1982; Villamarin and Ramos-Martinez 1990) . Consequently, an additional mechanism must have secondarily evolved to suppress the activation of PFK, and thereby the acceleration of glycolysis during hypoxia. Various mechanisms are discussed in the literature and have been reviewed by Storey (1988) , e.g. pH-mediated PFK inhibition; inactivation by covalent modification of the enzyme; decrease of the concentration of fructose-2,6-bisphosphate (F-2,6-P2), a strong activator of PFK; and a shift of the "bottle-neck" function to another glycolytic enzyme, such as pyruvate kinase.
This study aimed to analyze whether a depression of glycolytic rate prevails under hypoxia, in the intertidal worm, Sipunculus nudus and to investigate the possibility of a changing role of PFK in metabolic regulation at different glycolytic rates at rest, during environmental and during functional hypoxia.
Materials and methods
Animals. Specimens of Sipunculus nudus were collected at the coast of Britany, France 9 The animals were maintained in aquaria with a bottom layer of sand and circulating artificial seawater (34 mg 9 ml-1 salinity; T= 15 _+ 1 ~ Materials. All biochemicals were purchased from Sigma (St. Louis, MO., USA) and Boehringer Mannheim (FRG). Chromatographic and electrophoretic materials were obtained from Pharmacia (Freiburg, FRG) .
Experimental procedure. Exhaustive digging was induced by repeatedly placing the animals on top of a layer of sand. Exhaustion set in after 30_+ 5 rain and 7_+ 1 digging cycles.
For hypoxic incubations, five animals were put into a darkened flask containing 1.5 1 of sea water. After 24 h of preincubation under continuous aeration, the bottle was flushed with nitrogen for 2 h and kept tightly closed for another 6 or 22 h. Controls were kept for 48 h in similar incubation vessels containing aerated seawater.
For experiments with isolated musculature, body wall muscle samples from three animals were each cut into four pieces. The muscle tissue was marked and divided between four bottles so that each bottle contained three tissue pieces from different animals. The incubation was carried out as described above; preincubation lasted for 1.5 h, and hypoxic exposure continued for 0, 2, 5, and 8 h.
After the experiments (experimental temperature = 15 ~ animals were dissected rapidly and the bwm was freeze-clamped and kept in liquid nitrogen for further analyses (Wollenberger et al. 1960 ).
Biochemical analyses. After perchloric acid extraction of the muscle tissue (Beis and Newsholme 1975 ) the following metabolites were determined enzymatically: succinate (Michal et al. 1976 ), L-arginine and PLA (Grieshaber et al. 1978) , ATP (Lamprecht and Trauschold 1974) , octopine (Grieshaber 1976 ), G-6-P, F6 P, and F-1,6-P2 (Michal 1983) . Strombine content was measured by high-pressure liquid chromatography (Siegmund and Grieshaber 1983) . For the estimation of F-2,6-P> tissue extraction and enzymatic assay were carried out as described by van Schaftingen et al. (1982) .
Metabolite contents are expressed per gram of wet weight of body wall muscle (lamol -g bwm 1). Anaerobic glycolytic rates are referred to grams of total body weight (fresh mass) (lamol -g fresh mass-1) by multiplication with a factor of 0.34 for the ratio of body wall weight/total animal weight (Hardewig et al. 1991) . This calculation assumes no significant ATP turnover of the residual tissues [52% coelomic fluid, 14% gut etc. (P6rtner 1987b) ] during anaerobiosis.
The increase of free inorganic phosphate during anaerobiosis was calculated from the degradation of PLA (see Discussion). Since phosphagen depletion might be masked by high individual variations among the animals, the phosphagen content of the tissue was corrected by normalizing for a mean value of the sum of argininecontaining metabolites according to the following formula: P6rtner 1987b (Graham et al. 1986) ; Koq for myokinase = 1.12 [1 mM Mg 2+ ; Veech (1978) ].
Determination of pHi. The intracellular pH (pH) was determined by the homogenate method developed by P6rtner et al. (1990) . In brief, tissue samples were ground under liquid nitrogen. About 100 mg of the tissue powder was put into a 600-1~1 Eppendorf vial containing 200 gl ice-cold medium (160 mM KF, 1 mM nitrilotriacetic acid, pH 7.4). After filling up the vial with medium the mixture was stirred with a needle in order to release air bubbles, mixed with a Vortex mixer, and centrifuged for 30 s. Within 3 rain after thawing of the tissue powder in the medium, the pH of the supernatant was measured using a capillary pH electrode (BMS Mk2, Radiometer, Copenhagen) . This value approaches the pHi, with an experimental error of less than 0.01 pH units (P6rtner et al. 1990) . It is essential for the accuracy of the measurements that the tissue and tissue powder are kept under liquid nitrogen and that exposure to air during handling is minimized in order to prevent COg loss by diffusion as well as CO2 accumulation by condensation.
Purification of PFK.
Deep-frozen body wall musculature of Sipunculus nudus was ground to a fine powder under liquid nitrogen. The powder was homogenized for 3 • 1 rain with an Ultraturrax homogenizer in 5 7 vol 50 raM TRIS HC1 pH 8.0, 50 mM NaF, 1 mM EDTA, 1 mM ATP, 1 mM DTT. After centrifugation (1 h, 20 000 x g) the extract was heated to 50 ~ for 3 min and centrifuged again (see above). Ammonium sulphate was slowly added to the supernatant up to 33% (step 1) and 60% saturation (step 2). The extract was centrifuged after each step. PFK precipitated at 60% saturation and was resuspended in a small volume of homogenization buffer.
Chromatographic purification was carried out with a FPLC system (Pharmacia, Freiburg). All elution buffers contained 50 mM TRIS HC1 pH 8.0, 50 mM NaF, 1 mM DTT.
After desalting with a G-25 gel filtration column HR 10/10, the sample was applied to a MonoQ HR 10/10 ion exchanger. PFK was eluted with a linear gradient between 0 and 500 mM (NH4)2SO4 (flow rate 1 ml. min-1). Fractions containing PFK activity were pooled and crystalline ammonium sulphate was added to a final concentration of 1 M (NH4)2SO~. After centrifugation (30 min, 30 000 x 9), the supernatant was applied to a phenyl-superose column HR 5/5 and eluted with a gradient of 1-0 M (NH4)2SO, at a flow rate of 0.5 ml 9 rain-1. Fractions showing PFK activity were pooled, desalted by G-25 gel filtration, and concentrated by ultrafiltration using an Amicon cell with a PM-10 membrane. After addition of 50% (v/v) glycerol and of ATP to a concentration of 1 raM, the enzyme was stable for several weeks at -20 ~ The whole purification procedure was carried out at 4 ~ within 1 day.
Protein concentrations were determined after each purification step as described by Bradford (1976) .
Determination of the molecular weight. The molecular weight of the native enzyme was determined by gel filtration with an analytical superose 6B column equilibrated with 50 mM TRIS pH 8.0, 50 mM NaF, 1 mM ATP, and 1 mM DTT. Thyreoglobine (M r = 600 000), ferritine (Mr=440000), catalase (Mr= 232 000) and aldolase (Mr= 158 000) served as marker proteins.
For the molecular weight determination of the subunits SDS-gel electrophoresis was carried out using polyacrylamide gradient gels (5-18%). Protein bands were silver-stained as described by Blum et al. (1987) .
Enzyme assays. PFK activity was measured using a coupled enzymatic assay at 25 ~ For measurements during the purification procedure the reaction mixture contained: 100raM TRA/NaOH, pH 7.6; 1 mMATP; 0.2 mMNADH; 5 mM MgClz; 100 mM KC1; 2.5mM F-6-P; 50gg.ml ~ aldolase; 10gg.m1-1 glyceraldehyde-3-phosphate dehydrogenase and 10 gg 9 ml-t triosephosphate isomerase (assay A). Kinetic studies were carried out in 100 mM TRA/NaOH (pH 7.3), 0.1 mM NADH, 1 mM MgC12, 100 mM KC1 and various amounts of substrates and effectors (assay B). Auxiliary enzymes were desalted by G-25 gel filtration and added in the same concentration as in assay A. For determination of the Michaelis constant (Kin ATP), 1 mM PLA and 0.5 gg. ml -a arginine kinase were added to the reaction mixture in order to obtain steady-state ATP concentrations by regenerating the arising ADP.
The absorbance at 340 nm was recorded by a dual wavelength spectrophotometer Sigma ZWS II (Sigma Instruments, Berlin). 1 U PFK is defined as the amount of the enzyme which catalyzes the phosphorylation of 1 gmol of F-6-P in I rain at 25 ~
Results

Glycolytic rates
From previous studies, succinate, octopine, strombine and the volatile fatty acids acetate and propionate are known to constitute the main anaerobic end-products in Sipuncutus nudus. Alanine plays a minor role and neither lactate nor alanopine are formed during anaerobic metabolism (P6rtner et al. 1984) . As shown in Fig. 1 , succinate and strombine accumulated primarily under hypoxic incubation (from 0.07 to 1.401xmol.g bwm -1 and from 0.71 to 4.59 pmol.g bwm -1, respectively, after 24 h hypoxia), whereas octopine increased mainly during exhaustive muscle activity (from 0.14 to 12.33 ttmol 9 g bwm-~).
Based on the formation rates of those anaerobic endproducts, the rates of glycolysis under different conditions were calculated. Alanine was not included in the calculation, because with transamination of pyruvate to alanine equimolar amounts of aspartate are transamihated to oxaloacetate, which is reduced to succinate (Ebberink et al. 1979 ). This non-glycolytic fraction of succinate accounts for the glycolytically synthesized alanine. The production of acetate and propionate was not considered (see discussion). The glycolytic rate of the control animals was calculated from oxygen uptake under rest in normoxic water [=0.26pmol O2g fresh mass-I, h-1 (Hardewig et al. 1991) ] under the assumption that glycogen is the only metabolized substrate. Between 0 and 8 h of hypoxia the glycolytic rate remained at control values (44 nmol 9 g fresh mass-1. h-~), but between 8 and 24 h it increased slightly to 56.3 nmol-g fresh mass -1 . h -1 (see Table 1 ). In active animals, the anaerobic glycolytic rate amounted to 5225.8 nmol -g fresh mass-1, h 1. In calo-respirometric studies, active specimens of S. nudus showed up to a 2.5-fold increase in oxygen consumption compared with resting conditions (I. Hardewig, unpublished observations), corresponding to an additional glycolytic rate of 110 nmol.g fresh mass -1 9 h -1. The total rate of glycolysis (aerobic and anaerobic) in digging animals (5335.7 nmol -g fresh mass -1 -h -1) was 120 times higher than under control conditions.
Intracellular milieu
Although the ATP yield of anaerobic fermentation is much lower than that of aerobic metabolism, the animals were able to keep their ATP levels constant under both hypoxia and enhanced activity (see Table 2 ); i.e. energy demand did not exceed energy supply. However, an increase of free ADP by a factor of 3.3 after 24 h ofhypoxic incubation and 8.8 after exhaustive work, and an eleva- Table 2 . Contents of glucose-6-phosphate (G-6-P), fmctose-6-phosphate (F-6-P), fructose-l,6-bisphosphate (F-1,6-PJ, and of various modulators of PFK activity in the body wall musculature of S. nudus (24: SD, n = 5). All values are given per gram of body wall musculature tion of free AMP (by a factor of 9.7 and 60.8 respectively), indicate a small net hydrolysis of ATP. The phosphagen contents of the tissues are shown in Fig. 1 : PLA was slowly depleted during hypoxia from 23.3 to 20.7pmol-gbwm -1 after 8h and to 13.1 #mol 9 g bwm a after 24 h. In digging animals, phosphagen concentrations declined rapidly to 6.2 gmol. g bwm-~.
A slight increase of the intracellular pH from 7.24 to 7.27 was observed after 8 h of hypoxia, but after 24 h the pHi dropped by almost 0.2 pH units to 7.08 (Table 2) . The protons released during formation of succinate, octop• and strombine were obviously buffered or consumed by the hydrolysis of PLA during the first hours of hypoxia (P6rtner 1987a) . With progressive accumulation of acidic end-products the proton load could not be compensated and caused a drop of phi. During exhaustive work the high rate of octopine formation led to a decrease of phi to 7.05.
F-2,6-P2, which is a potent metabolic regulator [for review see van Schaftingen (1987) ], did not show any significant change in levels under hypoxia or activity. In order to exclude the possibility that alterations in F-2,6-P2 levels might have been masked by large individual variations between specimens of S. nudus, isolated body wall musculature of the same animal was incubated under hypoxic conditions for various time periods. Figure  2 shows that there was a slight increase of F-2,6-P z content in the tissue or all three animals during the first hours of hypoxia, but control levels were reached again after 5-8 h.
During both hypoxia and activity an elevation of the glycolytic intermediates G-6-P, F6-P and F-t,6-P 2 was found (Table 2) . Whereas G-6-P and F-6-P concentrations increased proportionally, the elevation of F-1,6-Pz was less pronounced.
Purification and characterization of PFK
PFK activity in the body wall musculature of S. nudus ranged between 1.5 and 3 units-g bwm -1. After a 234-fold purification to a final specific activity of 10.0 units 9 mg protein-1, the enzyme was stable for several weeks at -20 ~ A native molecular weight of 305 _+ 32 kDa (n = 3) was determined by gel filtration; SDS-gel electrophoresis revealed 83 kDa per monomer. These values indicate a tetrameric structure of the enzyme, which is found in most eukaryotes (Ramaiah 1974) . Figure 3 shows a pronounced pH sensitivity of PFK from S. nudus. The optimum pH lies above the physiological pH range of 7.3-6.9. It has been shown that acidification leads to changes in the kinetic behaviour of PFKs from different sources, such as decreasing substrate affinity and increasing sensitivity towards inhibitors (Frieden et al. 1976; Storey 1976) . Such pH-mediated effects were not considered in our study, all kinetic measurements being carried out at pH 7.3.
The enzyme showed a cooperative binding of F-6-P with an apparent Kr, of 1.1 mM (Table 3) . Saturation curves with respect to ATP revealed typical substrate inhibition at physiological ATP concentrations. The inhibition constant (Ki ATP) was 3.6 mM in the presence of 2.5 mM F-6-P. Lower F-6-P concentrations increased 100 0 6.0 6.5 7.0 7.5 8.0 8.5 9.0 pH Fig. 3 . pH dependence of PFK activity. The reaction mixture (assay B, see Materials and methods) contained 2.5 mM F-6-P and 5 mM ATP 
Conditions
Km F-6-P Ki ATP 1 mM ATP 1.1 mM -1 mM F-6-P -1.4 mM (1.7/1.2) 2.5 mM F-6-P -3.6 mM (3.7/3.5) 50 gM AMP 0.57 mM 6.3 mM (0.52/0.62) (5.8/6.8) 1 laM F-2,6 P 2 0.74 mM 1.4 mM (0.73/0.75) (1.4/1.5)
ATP inhibition (K~ ATe= 1.4 mM at 1 mM F-6-P). Since the K m Ave (=4.7 tIM) lies one order of magnitude below physiological ATP concentrations, changes in substrate affinity would not have any regulatory effect in vivo. Therefore, influences of modulators on Km Are were not investigated. AMP relieved ATP inhibition, Ki ATP increased to 6.3 mM with 50 gM AMP, and enzyme affinity to F-6-P was enhanced (K m v-6-P = 0.57 mM with 50 I~M AMP).
V~, x was not affected. Inorganic phosphate as well as F-2,6-P 2 were found to be potent activators of PFK (Fig. 4a, b) . P~ increased Vmax by a factor of 12 [activation constant (Ka) = 11 raM] but had no influence on substrate affinity or ATP inhibition. F-2,6-P2 activated the enzyme by a factor of 35 (K, = 2.6 pM) and K m F 6P decreased to 0.74 mM in the presence of 1 gM F-2,6-P2. Suprisingly, ATP inhibition was enhanced under the same conditions (Ki raP= 1.4 raM). Neither PLA (1-50 raM) nor citrate (1-4 raM) showed any regulatory influence on PFK of S. nudus.
PFK activity under near-physiological conditions
Since many modulators show synergistic effects on PFK activity, it is impossible to extrapolate from our kinetic measurements to enzyme activities in vivo. In order to obtain some information about the relative PFK activi- Tables 2 and 3 by multiplication with a factor of 2, since intracellular water content amounts to 50 % of the total weight of the body wall (P6rtner 1987b) . The concentration of free inorganic phosphate of the control animals was assumed to be 1 mM, a value found for the adductor of Mytilus edulis with 31p NMR (Schank et al. 1986 ). The increase of free Pi under hypoxia and activity was calculated from phospho-arginine degradation, since 31p NMR investigations on Geukemsia demissa (Ellington 1983) and Tapes watlingi (Barrow et al. 1980 ) revealed an equimolar increase of free Pi with phosphagen depletion.
PFK with a maximal activity of 10.0 units -mg protein-1 was added to the reaction mixture. Under simulated control conditions, PFK activity amounted to 10.5 mU .mg protein-1 and increased by a factor of 2.5 and 10 under conditions of 8 and 24 h ofhypoxia, respectively. Under simulation of exhaustive muscular work, PFK activity exceeded the control value by a factor of 64 (see Table 4 ).
Discussion
No 9lycolytic rate depression under hypoxia. The calculated rates of glycolysis (Table 1) show that there is no glycolytic rate depression under hypoxic incubation and that glycolytic rate increased slightly with prolonged hypoxia. The calculated values for 8 and 24 h of hypoxic incubation actually underestimate the real rates, since production of acetate and propionate were not included in the calculations. Under similar experimental conditions, P6rtner et al. (1984) found formation of 0.96/.tmol propionate-g fresh mass -1 and 0.54gmol acetate 9 g fresh mass-1 during 24 h hypoxia. This would result in an additional glycolytic rate of 31.2 nmol.g fresh mass-l. h-1. The total value of 87.6 nmol -g fresh mass-1, h-1 is twice as high as the control rate.
The results for Sipunculus nudus do not support the hypothesis of Storey (1985a) , who suggests an inhibition of glycolytic rate during hypoxia as an adaptive characteristic of most multicellular facultative anaerobes. His conclusions are based to some extent on calorimetric experiments with several species in which a decrease of heat dissipation to 5-30% of the normoxic rate was found under hypoxia [for references see Storey (1985a) ]. However, the rate of heat dissipation is not proportional to the glycolytic rate; during aerobic glycolysis the released heat per mole of metabolized glycogen equals -2968 kJ -mol glycogen-1. For anaerobic fermentation this value is much lower. The dissipated heat during lactate formation, for instance, amounts to only 5% of the value of complete glycogen oxidation: AH = -162kJ-mol glycogen -1 (Gnaiger 1983) . This means that in lactate-fermenting organisms heat dissipation under anoxia may be decreased to 5% of the aerobic value, even though the glycolytic rate remains constant. For S. nudus under anoxia, a decrease of heat production to 20 % of the normoxic value corresponds to an acceleration of glycolysis to 180% of the normoxic rate (Hardewig et al. 199t) .
During exhaustive activity S. nudus showed an amplification of the glycolytic rate by a factor of 120. P6rtner et al. (1984) calculated from enzyme activities that in S. nudus anaerobic glycolysis can be maximally stimulated by a factor of 178. In Placopecten mageltanicus and Cardium tuberculatum a 75 to 120-fold increase of the glycolytic flux was observed during exhaustive swimming Meinardus-Hager et al. 1989) .
PFK participates in 9tycolytic control. According to Rollestone (1972) an enzyme cannot exert any regulatory functions on a metabolic pathway unless the catalyzed reaction is displaced far from equilibrium. This criterion is met if the quotient of MAR and Keq is lower than 0.05. Table 5 shows the MAR values of PFK under different conditions based on metabolite data from Table  2 and the respective MAR/Keq quotients. These data unequivocally show that PFK from S. nudus is a nonequilibrium enzyme. Under hypoxia a slight shift of the reaction towards equilibrium is observed; this tendency is more pronounced during muscular activity. A movement towards equilibrium indicates an enhanced reaction flux which is in agreement with the observed increase of glycolytic rate under these conditions. Similar studies in marine bivalves evaluated MAR/Keq ratios for all glycolytic enzymes (Ebberink and de Zwaan 1980; Chih and Ellington 1986) . Besides PFK, phosphorylase and pyruvate kinase were identified as nonequilibrium enzymes. While PFK and phosphorylase are considered to be important control sites during rest and muscular activity ), a shift from PFK to PK control is postulated to occur during prolonged hypoxia (Ebberink and de Zwaan 1980) .
The results of this study show that enzymes other than PFK may have additional glycolytic control function in S. nudus. Phosphorylase, for instance, shows the lowest maximal activity of the glycolytic enzymes in the muscle tissue (P6rtner et al. 1984) , which favours this enzyme as a bottle-neck and therefore a possible control site. The significant displacement of PFK from its equilibrium under all conditions, however, provides strong evidence for a significant participation of this enzyme in glycolytic regulation.
PFK exhibits high sensitivity to the metabolic status of the cell. According to its regulatory role, PFK is strongly responsive to metabolic changes in the cell. High sensitivity to alterations of substrate concentrations is achieved by a cooperative binding of F-6-P (Hill coefficient = 2.3). The F-6-P concentration measured in S. nudus (0.02-0.1 mM) is well below the K m (1.1 mM). In this concentration range an elevation of substrate concentration by a factor of 4 leads to an almost 25-fold increase in enzyme activity.
Enzymes that regulate energy-providing pathways must be responsive to the energetic demands of the organism. Depletion of phosphagen stores and a decrease of the energy charge of the cell can function as mediators between energy demand and glycolytic rate: inorganic phosphate, which increases as a consequence of phosphagen degradation, acts as a strong activator of the enzyme. A decrease in the energy charge modulates PFK activity in different ways; a drop in ATP levels in a reduction of ATP inhibition, and the concomitant increase of AMP concentration raises F-6-P affinity and lowers ATP sensitivity via allosteric modulation. This mechanism amplifies the activating effect of ATP net hydrolysis on PFK.
All regulatory mechanisms described so far stimulate glycolysis in cases of enhanced energy demand. A proton-mediated PFK inhibition counteracts these stimulatory effects. For PFK of S. nudus, we found a pH sensitivity in the physiological range 6.9-7.3 (Fig. 3) . Since excessive activation of glycolysis can lead to an intracellular acidification, this mechanism provides feedback inhibition of the glycolytic rate. In addition, pH sensitivity of PFK has often been considered to be responsible for the reduction of glycolytic rate in hypometabolic states such as hibernation, estivation, and anaerobiosis, since these conditions always coincide with an acidification of the intracellular milieu (Hand and Somero 1983; Juretschke and Kamp 1990; Rees and Hand 1990) , In S. nudus the pH i fell from 7.24 to 7.05 during 24 h of hypoxia. Since this drop leads to PFK inhibition of 30% (according to Fig. 3) , the anaerobic intracellular acidification in S. nudus has some influence on the glycolytic control via PFK.
experiments we did not find significant changes of F-2,6-P2 levels in the body wall musculature of S. nudus either under hypoxia or during muscle activity. Therefore, despite a high sensitivity of PFK towards F-2,6-P2, we do not attribute any important role in glycolytic regulation to this modulator in the muscle tissue of S. nudus.
Extrapolation from in vitro-to in vivo-conditions. a critical approach. Since some modulators have unpredictable synergistical impacts on enzyme activity, it is impossible to draw a conclusion for the in vivo situation based on the in vitro results described above. However, the simulation of physiological conditions in a cuvette allows assumptions to be made concerning the effect of the suite of modulators on PFK under different physiological circumstances.
Under simulated control conditions, PFK activity was 10.5 mU. mg protein-1 (see Table 4 ). From this value we calculated the expected PFK flux in vivo: the maximal activity of the purified enzyme (under substrate saturation) amounted to 10 units'nag protein -~. In muscle tissue the maximum PFK activity (measured under the same conditions as above) ranged between 1.5 and 3 U 9 g bwm -1 (80.5...0.75 U -g fresh mass -1 of the whole animal).
F-2,~P2 & not involved in glycolytic rate regulation.
F-2,6-P z is postulated to be a potent metabolic regulator . Its role in favouring glycogenolysis via PFK activation and inhibiting gluconeogenesis via F-1,6-P2ase inhibition is well established in liver ceils. However, it is not clear if F 2,6-P 2 maintains any regulatory function in muscle tissue. In rat skeletal muscle there was no correlation found between F-2,6-P 2 levels and glycolytic rate (Hue et al. 1982; Minatogawa and Hue 1984) . Storey (1985b) suggested that in some facultative anaerobes PFK activity is inhibited during hypoxia by decreasing levels of F~,6-P 2, This was demonstrated for soft tissues of Ostrea edule, Mytilus edulis, and Littorina littorea, but muscle tissues exhibited a different pattern; F 2,6-P 2 levels remained constant in the adductor muscle of O. edule and M. edulis, and even increased in the foot muscle of L, tittorea under hypoxia. In only two studies on muscle tissue has a clear dependence of glycolytic rate on F 2,6-P 2 levels been shown; in the flight muscle of Locusta migratoria a decrease of F-2,6 P2 seems to be responsible for a switch from glycogenolysis to fatty acid oxidation during prolonged flight (Wegener et al. 1986) , and in exercising frog muscle an increase of lactate accumulation rates coincided with an elevation of F-2,6-P 2 levels (Wegener et al. 1990 ).
F-2,6-P2 causes a strong activation of PFK in S. nudus and leads to an enhanced enzyme affinity towards F-6-P. However, ATP inhibition is increased in the presence of F 2,6-P2, which counteracts tee stimuIating effect of this modulator. For PFK from other sources a relief of ATP inhibition by F-2,6-P 2 has been reported (Uyeda et al. 1981; Villamarin and Ramos-Martinez 1990 )_ In Agropecten irradians concentricus ATP inhibition is not influenced by F-2,6-P2 (Chih and Ellington 1987 ). In our 10.5 mU 9 mg prot -~ 9 0.75 units 9 g fresh mass -~ PFK flux = --10 units 9 mg prot -1 = 0.79 nmol -min -1 9 g fresh mass-~47.2 nmol -h-~ . g fresh mass-1 This value is in good agreement with the glycolytic rate determined under control conditions (43.3 nmol -h-1. g fresh mass -1, see Table 1 ). It has to be taken into account, however, that the kinetic measurements have been carried out at 25 ~ whereas the glycolytic rate was determined at 15 ~ Assuming a Qlo value of 2, PFK flux at 15~ amounts to 23.6nmol-h -1-g mass -1, which is still close to the glycolytic rate. This result further supports the hypothesis of a flux-generating function of the PFK reaction in resting Sipunculus.
The enzyme activities measured under the physiological conditions of rest, 24 h of hypoxia, and muscular work (Table 4) show a ratio of 1:10.3:64.2. The respective glycolytic rates are in the ratio of 1:1.3:123.7. According to these values, PFK activity under hypoxia would be ten times higher than the control value. The fact that the glycolytic rate shows only a slight increase would indicate that PFK is not rate limiting under these conditions. During muscular work the simulated PFK activity is slightly lower than the glycolytic rate. These results lead to the conclusion that in Sipunculus nudus PFK limits the rate of glycolysis both under control conditions and during strenuous activity. During hypoxia, however, the enzyme is activaLed by various modulators so that the catalytic capacity of PFK surpasses the glycolytic rate. This indicates that under hypoxic conditions the main regulatory function may be shifted to another glycolytic enzyme, such as phosphorylase or pyruvate kinase (Ebberink and de Zwaan 1980) . Extrapolation from in vitro to in vivo conditions has to be interpreted with caution. Other physiological mechanisms, such as covalent enzyme modification (Hofer and Sorensen-Ziganke 1979; Storey 1984) or cellular microcompartmentation (Somero and Hand 1990) , may have a great impact on enzyme properties, which are not considered in in vitro systems. Storey (1984) found some evidence for a phosphorylation of PFK in the foot muscle ofBusycotypus canalicularum during anaerobiosis. Enzyme phosphorylation caused an inactivation of the enzyme via a decrease in substrate affinity and changing sensitivity towards modulators. Values of K m v-6 P, K, of P~, and K~ ATe of PFK in crude extracts from anaerobic and control animals did not indicate that the kinetic properties of PFK in S. nudus were altered during hypoxia (data not shown).
More evidence has recently accumulated supporting the existence of multi-enzyme associations [for review see Somero and Hand (1990) ]. Experiments on B. canaliculum (Plaxton and Storey 1986) and Patella caerulea (Lazou et al. 1989) suggest that a reversible binding of PFK to intracellular structures might be another possible mechanism for glycolytic control in marine invertebrates. Assuming that reversible enzyme binding is an additional regulative parameter, the data from our in vitro experiments would probably not reflect the real in vivo situation.
From this study it is concluded that under resting conditions and during muscular activity glycolysis in S. nudus is primarily regulated by PFK. Under environmental hypoxia, PFK certainly contributes to glycolytic control, indicated by the considerable displacement of this reaction from equilibrium, but it is possibly not the main regulation point. These observations are consistent with the theory of Kacser and Burns (1973) , who assert that the control of a metabolic pathway is shared between several regulatory sites. The contribution of one particular enzyme may vary with changing physiological conditions.
